Abstract. Biotechnological processes with lignocellulose materials are promising technologies for the production of chemicals and energy involving the same main production stages: hydrolysis of the hemicellulose and the cellulose to monomeric sugars, fermentation, recovery of the product, and concentration. We studied the effect of different treatments on the release of reducing sugars (RS) from seeds. Three factors were tested: temperature from 86 to 130.2 °C; acid concentration, 0.32 to 3.68% (v/v); and exposure time, from 13.2 to 40 min. Two acids were tested. Temperature and time were the factors that had more effect on hydrolysis, whereas no interactions between factors had a significant effect on the release of RS. The best conditions for RS release were for both acids (2% v/v), 130.2 °C, and 30 min, with a concentration of about 110 g/L. Results suggest tamarind seed is a feasible option for xylitol production. Key words: Hydrolysis, Tamarind Seeds, Reducing Sugars.
Introduction
In Mexico, the main producing states of tamarind are Michoacán, Guerrero, Oaxaca, Chiapas, and Yucatán [1] . Each tamarind casing contains approximately 1 to 12 seeds and these represent approximately 30 to 40% (w/w) of the fruit [2] . To enable the use of tamarind seed, it is important to remove its head completely. The descaling is usually carried out toasting the seed, followed by the loosening of the crust of the nutty food [3] .
According to Kaur [3] , xyloglucan is the main polysaccharide present in the dust of the grain, made up of D-glucose, D-xylose, D-galactose, and L-arabinose units, at a ratio of 8:4:2:1. The xyloglucan is a graft heteropolysaccharide of D-glucan chains with β-(1→4) links, partially replaced in the O-6 positions of the D-glucopyranosyl residues by α-D-xylopyranose or 2-O-β-D-galactopyranosyl α-D-xylopyranose.
Pentoses constitute approximately 20% of the soluble sugars. Manose (17-35%) and glucose (11-80%) are the main soluble sugars [4] . Tamarind seeds are frequently used to feed cattle and pigs [5] . Biotechnological processes in which lignocellulose materials are advantageously used include the same main stages: hemicellulose and cellulose hydrolysis to monomeric sugars, fermentation, product recovery, and its concentration.
The main difference between processes alternatives is the hydrolytic stage, which can be performed either with diluted inorganic acids or enzymatically [6] . The acid hydrolysis can be carried out with several types of inorganic acids, including sulfurous, sulfuric, hydrochloric, hydrofluoric, phosphoric, nitric, and formic. In general terms, the acid hydrolysis depends on the hydrogen (H + ) ion concentration, but it is necessary to consider the interval of acid concentration and temperature, in order to reduce the decomposition of the product [7] . The processes in which concentrated solutions incubated with acids are operated at low temperatures, generating high yields (around 90% for glucose), but high acid concentration causes problems related to the corrosion of equipment and high energy demand for the recovery of acid [8] ; in addition, when sulfuric acid is used, neutralization process produces great amounts of calcium sulfate [9] . Likewise, the hydrolysis with concentrated acid increases the cost of the needed alkali for neutralization of liquor, as well as a large production of salts [10] . Besides, degradation products of sugars inhibit those microorganisms used in subsequent fermentation stage [11] .
Temperature plays an important role in the reaction rate of acid hydrolysis. According to the Arrhenius equation, at high temperatures, reaction should be faster [12] . According to Xiang et al. [13] breakage of hydrogen bonds into cellulose and hemicellulose fractions takes place steeply in response to temperature. Nevertheless, use of high temperatures results in product contamination with soluble derivatives, since acid acts as catalyst for sugar conversion into toxic compounds at temperatures higher than 50 °C [14] , because the reducing sugars can lose their chirality by acid treatment at high temperature, a reaction that leads to formation of furane derivatives. From Dxylose and fructose or sucrose, 5-hydroxymethyl-2-furaldehyde and 2-furaldehyde can be obtained.
Xylose is an important sugar of tamarind seed, which can be used for xylitol production, a polyalcohol formed by a fivecarbon chain, a pentahydric alcohol. Molecular formula of this compound is C 5 H 12 O 5 -1, 2, 3, 4, 5-pentahydroxy pentanol. Xylitol is similar to sucrose in appearance and sweet flavor, but 40% less caloric value (2.4 kcal/g); therefore, a 1:1 ratio is used as sugar substitute in a weight to weight relation, with the consequent caloric reduction. It is very stable in food manufacture, it is not fermented, neither produces Maillard browning [14] . Besides, the refreshing power of xylitol is appreciated over other sugars, which has created a high demand by the food industry (Smint ® ). Xylitol is an adequate sweetener for diabetic patients because its metabolism is not regulated by insulin. Besides, it is anticarcinogenic [15, 16] and adyuvant in the treatment of acute middle ear otitis in infants [17, 18] . Xylitol is synthesized from xylose in a hydrogenation process in three steps, where high pressures and temperatures are used. High pressure is necessary to improve hydrogen solubility in bulk liquid, whereas high temperatures are needed because the reaction depends upon them; therefore, hydrogenation temperature increases considerably when increasing temperature. Xylitol can also be produced through fermentation by microorganisms as bacteria, molds, and yeasts. This process is highly specific and economic because 80% of the sugars are transformed into xylitol, and yield can be increased, either modifying the cell through genetic engineering or optimizing culture conditions of selected microorganism [14, 19, 20, 21, 22] .
Results and Discussion
Sugar analysis results are depicted on Tables 2 and 3 . For nitric acid, treatments 7, 8 and 10 were found the best (not statistically different within them) whereas in sulfuric acid treatment 10 was the best and statistically different (Tukey, α = 0.05) from the others. This suggests that high acid treatments with high exposure time and temperature yield higher reducing sugar concentrations. Tables 4 and 5 show the statistical analysis of the regression analysis of a second order model for the reducing sugars results, showing that the model adequately fits the experimental data (F < F critical ) and similar results were found for both acids. No interactions had a significant effect and all first order parameters had a significative positive influence in the reducing sugar concentrations. Only acid concentrations have a negative quadratic effect (P < 0.05). This means that higher time and temperature yield higher sugar concentration and too high acid concentrations can have negative effect over it in the range explored. Significant factors were decoded and expressed in terms of natural variables. Equations 1 and 2 shows the resulting equations for reducing sugars (y) using sulfuric and nitric acids, respectively. 
Optimization of Equations 1 and 2 was performed to find a stationary point in order to predict optimal conditions. Such conditions are shown in Table 5 . Such conditions could not be tested experimentally due to equipment limitations, but show that with higher temperatures and time, higher sugar concentrations can be obtained and acid concentration is near to optimum with treatment 10 for both acids (the highest obtained). However, since experiments were performed with a 2 g seed powder /13.33 mL, and polysaccharide composition in tamarind seed is about 70% (El-sidding et al., 2006) maximum theoretical yield is about 126 g/L assuming water incorporation to cleave the glycosidic link. This means about 90% of sugars in tamarind seed were converted to sugars with both acids. Tukey test was performed within best treatments of both acids (treatment 10 in the two acids), not finding a significant difference (α = 0.05).
Xylose and glucose concentrations in treatments with higher sugar concentrations showed no statistical difference (Tukey, α = 0.05) between treatments, and values were about 90 g/L glucose and 15 g/L xylose. Tamarind seed is an industrial residue with a high potential to be used for the production of xylitol, Based on the experimental results and the modeling, tamarind seed can be a substrate of economic importance due to the high amount of reducing sugars that can be released in comparison with other substrates like rice husk (32.5 g/L total reducing sugars and 9.9 g/L of xylose) at 121 °C, 30 min of thermal hydrolysis, and 2% of sulfuric acid [25] . The obtained results are different from those obtained by Robert et al. [26] , who determined that the acid concentration was the most influential factor in the yield of sugars, whereas temperature exerted its effect on their degradation. Sulfuric acid was a better hydrolytic agent than nitric acid in the evaluated conditions, since in 70% of the experimental results, the reducing sugar concentration was greater with sulfuric acid than with nitric acid. It is necessary to identify the compounds present in the hydrolizate, since it has been suggested that undesirable products originate from the decomposition of glucose and xylose at high temperatures (greater than 55 °C) in the presence of an acid catalyst [11] . One recommendation for nitric acid is to increase the temperature to find the optimal point, maintaining the same values of acid concentration and time. It is important to avoid the toxic product generation in the hydrolyzate, so that the process to obtain fermentable sugars from agro-industrial residues becomes attractive at an industrial level. Therefore, it is crucial to solve the problems involved in the sugar conversion [6] . Lavarack et al. [29] reached the conclusion that as the proportion of solid to liquid is reduced, the decomposition of xylose also diminishes and increases the xylose released in the hydrolyzate. In the hydrolysis of corn-cobs, a concentration of the solid feeding below 5% improved the reducing sugar conversion.
Conclusions
Based on the experimental results, it is evidenced that temperature and time are the variable with the greatest effect on the response for both acids in the evaluated range. The best conditions for tamarind seed hydrolysis were 130 °C, acid concentration of 2% and 30 minutes in the region explored. Mass balances show that obtained sugar concentrations are about 90% of theoretical maximum, once the best experimental conditions and the influence of the studied variables has been identified. The main product from hydrolyzates was glucose. We can conclude that the tamarind seed is an adequate substrate to obtain xylose, which can readily be turned into xilitol, a process favored by its low cost, its availability, and by the percentage of hydrolizable polysaccharides present in the seed (Figure 1 ).
Experimental Section Design of Experiments
The effect of three factors on the reducing sugar release was evaluated (exposure time to the treatment, concentration of acid, and temperature), by means of a composed Box-Wilson rotary design of experiments. We established a design for two acids: H 2 SO 4 and HNO 3 . Table 1 shows the experimental Box Wilson design with the eight factorial treatments, the six axial experiments and the central point. Altogether, 15 treatments per duplicate for each one of the acids were evaluated.
Modeling of the hydrolysis process
Based on the experimental design, an empirical second degree mathematical model was elaborated to predict the response based on the values of the variables (Equation 3) . To estimate the parameters of the polynomial model, the method of minimum squares was used, by means of a statistical analysis of multiple linear regressions using STATISTICA v8® (Statsoft).
Raw material
Tamarind seeds were obtained from local processing firms, where the tamarind is processed and the seeds are considered a residue product; seeds were washed to eliminate impurities, Once clean, seeds were exposed to solar drying for three days, to weaken the head, as proposed by Anon in 1977 [30] . After solar drying, the head was removed mechanically. Next, seeds were ground in an electrical mill to obtain seed dust. To obtain uniform-sized particles, the dust was sifted through a standard testing sieve. The last mesh size used was No. 120 (125 µm), since in agreement with Martinez et al. [16] , the hydrolysis degree of polysaccharides depends on the particle size, being more effective at the lowest size because they have a larger solid-liquid contact surface [12] .
Acid hydrolysis
The experimental design (Table 1) was performed with nitric (HNO 3 ) and sulfuric acid (H 2 SO 4 ). The relation solid-liquid between the seed dust and acid for each treatment was of 2 g suspended in 13.33 mL of acid. Thermal hydrolysis was performed in a Felisa sterilizer. After treatmente, hydrolysis products were neutralized with 2 M NaOH and centrifuged [16] .
Reducing Sugar Quantification
From each sample, 100 µL were taken (or dilutied with distilled water, if the sugar concentration was high), and 100 µL of DNS (3,5-dinitrosalicylic acid) was added to the assay tube. The mixture was heated at 80 °C for 5 min. immediately thereafter, the tubes were placed in a cold water bath. Then, 1.0 mL of distilled water was added and the mixture was stirred. The samples were quantified in a spectrophotometer at 540 nm. The test was performed in triplicate. Glucose was used as standard.
Xylose quantification
Xylose concentrations were determined with the enzymatic kit for D-Xylose from Megazyme, the samples were diluted and readings performed in a UNICO spectrophotometer at 340 nm (n = 3).
Glucose quantification
Glucose was determined by means of the enzymatic glucose oxidase method, using 0.1 M potassium phosphate buffer, pH 6, the mixture of O-dianisidine-buffer, at pH 6.0, prepared by diluting 0.1 mL of O-dianisidine in 12 mL of 0.1 M potassium phosphate buffer, O-dianisidine (1:100 mg/10ml m/v), peroxidase 1,5 U/mL, and glucose oxidase 21 U/mL, incubating for 30 min and measuring absorbance in the spectrophotometer at 460 nm (n = 3).
Statistical analysis
The statistical analysis was performed with the regression tool that uses estimation of the linear function of Excel's spreadsheet, an application of Microsoft Office. Linear regression was performed by the minimum squares method to a second order model (Equation 2 [24] ).
Results of the quantification of the average glucose and xylose concentrations in the tamarind seed hidrolyzates were statistically analyzed with the Tukey-Kramer (α = 0.05) test with JMP v. 6® software from "Interactive Statistics and Graphics".
